T he design and optimization of photoelectrodes for artificial photosynthesis are among the open challenges in developing sustainable solar to fuel conversion technologies [1][2][3] . Theoretical models and computational studies play an important role in overcoming these challenges by providing predictions of optimal photoabsorbing materials interfaced with water, and by helping to identify descriptors for the design of photoelectrochemical cells [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, to date, computational screening schemes have mostly focused on bulk properties of candidate materials, thus neglecting the structure and chemistry of surfaces and interfaces with the liquid 12 .
T he design and optimization of photoelectrodes for artificial photosynthesis are among the open challenges in developing sustainable solar to fuel conversion technologies [1] [2] [3] . Theoretical models and computational studies play an important role in overcoming these challenges by providing predictions of optimal photoabsorbing materials interfaced with water, and by helping to identify descriptors for the design of photoelectrochemical cells [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, to date, computational screening schemes have mostly focused on bulk properties of candidate materials, thus neglecting the structure and chemistry of surfaces and interfaces with the liquid 12 .
Here we use first-principles calculations to investigate a promising photoanode for water oxidation, tungsten trioxide (WO 3 ) [13] [14] [15] , and we identify key properties of its surface in contact with water, which determine the chemical reactivity of the material in aqueous environments. These are general properties, representing essential descriptors to understand and predict optimal oxide photoabsorbers for water oxidation.
Scanning tunnelling microscopy studies have suggested that the most stable surface of WO 3 at room temperature (T) is prone to losing oxygen atoms, resulting in oxygen-deficient surfaces 16 , which are stable in aqueous environments 17 . However, most studies of WO 3 reported to date have focused either on bulk models 18, 19 , or on stoichiometric substrates under pristine conditions 20 or in the presence of adsorbed atomic species 21, 22 . In addition, the few studies of oxygen-deficient surfaces have been conducted at zero T and/or with local density functional theory (DFT) methods 10, 23, 24 ; due to the self-interaction error, these methods may not correctly account for the localization properties of surface charges, nor for the position of band edges and gap states.
In our study, we generated a computational model of the most stable surface of γ -monoclinic WO 3 (the (001) surface), inclusive of oxygen vacancies, and we performed first-principles molecular dynamics (FPMD) simulations using dielectric-dependent hybrid (DDH) functionals 25 to accurately describe charge dynamics at finite T. We then coupled FPMD to electronic structure calculations beyond DFT, at the many-body perturbation theory level, to obtain a quantitative comparison with photoemission and electrochemical data. We found two-dimensional (2D) delocalized excess charges at the surface, due to oxygen vacancies, that may enhance the surface reactivity by promoting the formation of intermediate radical species, which in turn play an important role in water catalysis. We also determined finite T band offsets of the defective surface interfaced with water, and interpreted several experimental results.
Defects and surface excess charges
To obtain structural models of the substoichiometric WO 3 (001) surface at T = 0, we first removed 1/4 of the oxygen atoms from the topmost atomic monolayer of the × ∘ p R ( 2 2 ) 45 reconstructed surface, creating a 25% concentration of oxygen vacancies at the surface, similar to previous studies 14, 21 . We then optimized, at the DFT-DDH level, the atomic positions of the slab with the resulting c(4 × 4) reconstruction; we started from three representative geometrical arrangements that differed by small structural distortions around the oxygen vacancies (Fig. 1a) . We considered both singlet and triplet spin configurations. We identified local minima on the potential energy surface differing by ~0.1 eV in energy that, irrespective of the starting point chosen for the optimization, exhibited a filled electronic defect state within the bandgap. However, the overall electronic properties associated with these minima were markedly different, depending on the optimization starting point, with different degrees of localization of the excess charge. In particular, singlet configurations were characterized by quasi-2D delocalized electronic states at the surface, whose wavefunctions originate from the 5d orbitals of tungsten (W) atoms of the atomic layers parallel to the surface plane. Triplet configurations exhibited instead either excess electrons delocalized over two atomic layers close to the surface, or a trapped excess electron localized in a 3D pattern; the latter configuration was reported to be energetically favoured in a recent study at T = 0 using hybrid functionals 21 . In our study, the minimum energy configurations exhibiting 2D surface states were found to be the lowest in energy, while excess electron trapping led 
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Computational screening of materials for solar to fuel conversion technologies has mostly focused on bulk properties, thus neglecting the structure and chemistry of surfaces and interfaces with water. We report a finite temperature study of WO 3 , a promising anode for photoelectrochemical cells, carried out using first-principles molecular dynamics simulations coupled with many-body perturbation theory. We identified three major factors determining the chemical reactivity of the material interfaced with water: the presence of surface defects, the dynamics of excess charge at the surface, and finite temperature fluctuations of the surface electronic orbitals. These general descriptors are essential for the understanding and prediction of optimal oxide photoabsorbers for water oxidation.
to an increase of total energy (Fig. 1b) . We note that the quasi-2D filled defect state has a different orbital character from that of the hole state (valence band maximum, VBM), which is formed by 2p oxygen (O) orbitals (see Fig. 2 ).
Starting from the T = 0 energy minima determined above, we performed FPMD simulations to explore the properties of the surface at finite T. Surprisingly, we found that irrespective of the starting configuration at zero T, the excess charge at the surface turned out to be delocalized in two dimensions at finite T; configurations with an excess electron in a 3D polaron-like state were all unstable (Fig. 3a) .
To the best of our knowledge, finite T simulations of defective WO 3 surfaces have not been reported before and therefore our findings highlight the importance of finite T simulations to obtain a sound physical picture.
In particular, we identified a general charge transfer mechanism occurring after the excess charge became delocalized at the surface: while initially (T = 0) localized on W d orbitals, the charge was exchanged between pairs of W atoms belonging to the same atomic layer, with hybridization of W d orbitals with the p orbitals of bridging O atoms (Fig. 3b) belonging to the same layer. This electron transfer gives rise to a 2D charge distribution in the first surface layer, indicative of either a fully delocalized Bloch state or a large polaron. Interestingly, recent angle-resolved photoemission spectroscopy (ARPES) experiments pointed to the formation of 2D Frölich polarons at the surface of another perovskite oxide, strontium titanate (STO) 26 , as well as in other 3D oxide materials 27 .
Although the extension of the polarons is still difficult to probe experimentally, it appears that the 2D extended polaronic state found here is characteristic of several perovskite oxides and differs, for example, from the small polarons found in TiO 2 (ref. 28 ). It is interesting to ask whether 2D polarons are also present in defective bulk WO 3 ; to address this question, we carried out a study of the properties of the bulk crystal as a function of oxygen vacancy concentration spanning a range from ~0.8% (127 atom cells) to ~0.1% (1,023 atom cells). We used the same DDH functional as the one adopted for the surface. We found that the localization character of the polaron depends on the vacancy concentration: it is a highly localized state for large concentrations (~0.8%), similar to a colour centre (see Fig. 4a ), while it has a 2D character for concentrations of ~0.4% (see Fig. 4b ,c) or smaller, consistent with previous reports 18, 19 . In the case of the largest cell studied (this size and concentration were never studied before), the extension of the polaron is approximately 1 nm, in qualitative agreement with electron spin resonance experiments 29, 30 . Hence, we conclude that the delocalized state found at the surface, similar to the bulk, is most likely a 2D large polaron instead of a truly Bloch state. Irrespective of the exact spatial extent of the polaron wavefunction, important conclusions may now be drawn: the availability of abundant excess charge at the surface (Fig. 2) , brought about by oxygen vacancies, may play the desirable role of enhancing surface reactivity. In particular, excess electrons may lead to the formation of OH − species when the defective oxide is in contact with water 21, 31 (and we will see below that this defect state is well positioned in energy for such a charge transfer to occur); at the same time, in the photoexcited material, holes are formed and occupy valence band edge states, which are also delocalized over the first surface layer (Fig. 2a) ; these holes may then be trapped at OH sites (if an appropriate over-potential is applied), leading to the formation of OH
• radicals that are important intermediates in water oxidation processes. We note that hydroxyl groups have been suggested as favourable trapping sites for photoexcited holes, favouring oxygen evolution reactions 32 , in the case of other oxide photoanodes 33 , including TiO 2 (refs 34, 35 ) and haematite 36 . The extent to which these processes and the formation of radicals are likely to happen depends, of course, on the finite T band offsets of the defective surface in contact with water; these are analysed below, where we also show that by using our structural model and a high level of electronic structure theory, we obtained results in very good agreement with photoemission and electrochemical experiments.
surface electronic structure and solvation effects
We computed the position of band edges and defect states at the WO 3 surface at the hybrid DFT and GW levels of theory, taking into account finite T fluctuations of frontier orbitals and solvation effects. Although we found that both singlet and triplet states lie close in energy, we note that experimentally no electron spin resonance signal was detected for substochiometric WO 3 samples cooled to low temperature in the dark 29, 30 . This is an indication that, at least under these conditions, there are no unpaired electrons in the system. Hence, we report below results obtained for the surface with an oxygen vacancy in a spin singlet configuration. We first compare our results with photoemission experiments for the WO 3 surface in vacuo.
The experiments of refs 37, 38 found that defective WO 3 behaves as an n-type semiconductor, with the Fermi level positioned 0.2-0.3 eV below the conduction band minimum (CBM). In the same works, photoemission measurements reported a remarkably high ionization potential of 9.6 to 9.8 eV that has so far not been reproduced by theory. For example, in a previous theoretical work, the band edge positions of the stoichiometric surface were evaluated at the local DFT and G 0 W 0 corrections were approximated with those computed for the bulk 39 . The position of the VBM was overestimated by 1.4 eV, while the CBM was predicted in reasonable agreement with experiment.
When using the Perdew, Burke and Ernzerhof (PBE) functional, we predicted a position of the VBM of defective surfaces that is in worse agreement with experiment, compared to that of a stoichiometric model (− 7.65 eV). Instead, with hybrid DFT (DDH), we obtained a considerably deeper VBM, although still ~1 eV higher than the experimental result. Overall, G 0 W 0 calculations using DDH wavefunctions provided the best agreement with experiments, with an error of 0.4-0.6 eV for the VBM. The surface bandgap predicted by G 0 W 0 @DDH is 3.2 eV, in excellent agreement with photoemission data (3.2-3.3 eV 37, 38 ). We note that also the bulk electronic bandgap computed with the DDH functional (3.47 eV 25 with recent experiments where an analysis of the absorption spectra was carried out without any assumption on the nature of the optical transitions 41 (whether direct or indirect). Using this value, together with the exciton binding energy reported for WO 3 (ref. 42 ), we find an optical gap in agreement with several recent measurements 41, 43, 44 . To understand the photoelectrochemical properties of WO 3 surfaces interfaced with water, we need to account for solvation effects on band edges and to analyse the influence of finite T on frontier orbitals. Solvation effects have been recognized as a critical factor for the accurate theoretical prediction of electronic states of photocatalysts and photoabsorbers 12 . We determined the flat-band potential of the defective WO 3 surface using the solvation models of ref. 10 . Although a simulation with explicit water would in principle be more desirable, an appropriate functional to simulate the interface with the liquid is not yet available. As shown above, semi-local functionals cannot reproduce a qualitatively correct electronic structure of the defective surface. Unfortunately a simulation of WO 3 /H 2 O interfaces with the DDH functional would not be sound, as by definition this functional is constructed using the dielectric constant of the material, which is 4.56 (average value) for WO 3 and 1.78 for water. The generalization of DDH functionals to interfaces and their application to solid/liquid interfaces are topics of ongoing research and are beyond the scope of the present work. We thus chose a solvation model, and in particular a solvation model specifically tested on defective WO 3 surfaces and that, as we show below, allowed us to understand the impact of oxygen vacancies on the electronic properties of the solid/liquid interface, obtaining quantitative agreement with electrochemical experiments. In particular, following the derivation of the solvation model of ref. 10 , we computed the difference between the average electrostatic potentials (〈 V〉 ) using the DDH and PBE functionals for the defective (d) and stoichiometric (s) surfaces:
The stoichiometric surface is the reference state for the construction of the solvation model. Using these two energy differences, we re-evaluated the solvation shift-including the same first solvation shell as included in ref. 10 at the DDH level of theory. It is interesting to note that the largest difference between DDH and PBE results (~0.4 eV) originates from the difference in electrostatic potentials for the defective surface, while the difference for the stoichiometric surface is rather small (smaller than 0.1 eV).
The authors of ref. 10 showed that the solvation shift of the VBM of WO 3 increases proportionally to the oxygen vacancy concentration, becoming consistent with the value inferred from electrochemical measurements when the surface defect concentration amounts to 25% (the concentration considered in our study). At the point of zero charge (PZC)-that is, for a charge-neutral interface-the flatband potential is determined by the position of the Fermi level in the semiconductor, shifted towards the vacuum level by an amount proportional to the interfacial dipole (see Methods). Figure 5b reports the flat-band potential computed at the G 0 W 0 level of theory for stoichiometric and oxygen-deficient surfaces, compared with available experimental data obtained from Mott-Schottky analyses 45, 46 . All of the values are referenced to the PZC conditions for WO 3 , corresponding to a pH of 2.5 47 . While the computed flat-band potential of stoichiometric surfaces is far from the range of the experimental data, good agreement with experiments is obtained for oxygendeficient substrates, due to the combination of two main effects: the upward shift of the Fermi level due to the presence of defect states close to the conduction band; and an increase of the solvation shift due to the specific type of interaction of the liquid with defective surfaces. In addition, hybrid DDH functionals predict a larger potential drop at the surface due to defect-related dipoles, and this reflects into a less negative flat-band potential at the G 0 W 0 @DDH level relative to that obtained with G 0 W 0 @PBE. Similar to the good agreement with experiment found for the flat-band potential, the computed position of the solvated VBM, − 7.39 eV, agrees well with the one measured in ref. 48 , − 7.54 eV, showing that unfortunately a sizeable overpotential of ~2 eV is required to approach the VBM Experimental data from photoemission experiments (refs 37, 38 ) are reported as blue and red bands (for valence and conduction band edges, respectively), whose width indicates the experimental error bars. b, Flat-band potential U fb SHE computed for solvated stoichiometric and oxygen-deficient surfaces at the G 0 W 0 level of theory with PBE and DDH wavefunctions as starting points; the values are reported on the electrochemical scale and referenced to the potential of the SHE; the solvation shifts were estimated following ref. 10 for a stoichiometric and oxygen-deficient WO 3 surface (V dip = 0.98 eV and V dip = 1.80 eV, respectively); the solvation shift at the DDH level was estimated following the procedure explained in the text. Theoretical and experimental values (refs 45, 46 , shown as yellow bands) are reported at the PZC conditions (pH PZC = 2. to the oxidation potential of water (Fig. 6) . However, we note that our FPMD simulations revealed average fluctuations in the frontier orbitals energies of the order of 0.3 eV at T = 300 K and 0.5 eV at T = 800 K. These large fluctuations may be beneficial for promoting the formation of the radical species contributing to surface reactivity, and are expected to play an important role in initiating chemical reactions at interfaces, also in the case when catalysts are present 14 .
We identified the properties of WO 3 surfaces that are key to understanding and predicting the reactivity of the material in contact with water, and we proposed a mechanism for the formation of reactive radical groups at the interface with water. We generated a realistic model of WO 3 surfaces, with oxygen vacancies, and by coupling FPMD with hybrid functionals and manybody electronic structure calculations, we investigated the surface properties in vacuo and in contact with water. We found that at T = 0, the potential energy surface of the defective surface is highly corrugated, with minima close in energy, each characterized by different charge localization properties of the filled defect state located in the bandgap. However, at finite T, the stable configuration of the surface always exhibits an excess charge of the defect state that is delocalized in two dimensions (a large polaron with an estimated diameter of ~1 nm); the defect state is favourably positioned in energy for a transfer of electrons to OH groups present in the liquid, possibly leading to the formation of hydroxide groups. In the photoexcited material, the hole, belonging to a state formed by oxygen lone pairs, may then be transferred to the OH − to form a reactive OH * . We also showed that a high level of electronic structure theory is required to obtain good agreement with photoemission experiments for the bandgap and the position of the band edges and Fermi level: in particular, only by performing GW calculations starting from hybrid DFT, could we fully reproduce and interpret experiments. We then considered the solvated surface and found that solvation effects amount to an almost 2.5 eV upward shift of the valence band edge, yielding results in good agreement with electrochemical measurements. Finite temperature effects and fluctuations of frontier orbitals were found to be significant as well, with average fluctuations that can be as large as of 0.3 eV at 300 K.
Our study showed that the optimization of oxide photoabsorbers for water catalysis requires the generation of realistic models of surfaces, inclusive of the most common defects present in these materials, oxygen vacancies; it also requires calculations at finite T with rather high level of theory. Important factors have been identified, which play a key role in the material reactivity with water: excess charges at the surface brought about by defects, and their dynamics in solvated environments at finite temperature. We suggest that ARPES experiments may be suitable to identify the polaron state predicted in our study, similar to the measurements of polarons on the surface of STO 26 . Determining the polaron extension (~1 nm) would be more challenging, as measurements as a function of the photon energy would be required. The polaron size can be obtained by determining the highest energy of the photon at which a polaronic signature is no longer detectable. Such studies are easier, although by no means straightforward, for small polarons: indeed, the energy of the photon required for large polarons is such that its penetration depth would reach the bulk and hence the probe might no longer be surface specific. However, in spite of experimental difficulties, we note that a simple model used to interpret the ARPES results on STO yielded a polaron extension similar to that found here for WO 3 (11 Å), indicating that 2D surface polarons are present in other perovskite transition metal oxides. The energy of a surface polaronic state may also be probed using sum frequency generation spectroscopy (SFG), if crystalline samples were available. However, these experiments remain challenging and SFG signals may not be sufficiently strong to identify surface defects (for example, states associated with oxygen vacancies), although SFG spectroscopy has already been used in the literature to identify molecules on surfaces. To further understand whether the electronic state possibly identified by SFG is strongly coupled to vibrations, Raman measurements may be performed, which would yield an increased intensity in the spectrum at the coupling frequency.
Understanding whether the polaronic state predicted by our calculations would give rise to an OH − state that a hole would then transform into a reactive OH * state is clearly much more difficult than probing just the surface. For example, X-ray photon correlation spectroscopy 49 may be employed to measure time correlation functions and then understand charge dynamics. In general, X-ray spectroscopy may be an important tool to determine the local electronic structure of intermediates (OH − and OH * ) that would, for example, exhibit different core-level shifts. We anticipate that ultrafast spectroscopic tools will be particularly important to help identify catalytic intermediates such as charge trapping at surface sites, where chemical bonds are formed over timescales of femtoseconds to picoseconds. Our calculations (consistent with other studies on TiO 2 ) indicate that excited states of surfaces, not their ground state, are catalysis enablers. Ultrafast pump-probe spectroscopy would be ideal to trigger reactions and then monitor their evolution in time; for example, by monitoring the mobility and possible transformation of polarons. Some ultrafast spectroscopic studies have been reported for nanostructured haematite 50 , although polaronic charge transport has not yet been addressed in this material.
In conclusion, although our predictions are still difficult to probe experimentally, they may serve as a guide to future experiments, and our results may form the basis of an experimental strategy to probe 2D surface polarons in transition metals perovskites, as well as intermediate species conducive to water catalytic reactions.
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Methods
Spin-polarized DFT calculations were performed within the plane wave and pseudopotential scheme as implemented in Qbox 51 and Quantum ESPRESSO 52 , using optimized norm-conserving Vanderbilt pseudopotentials 53, 54 and a kinetic energy cutoff of 50 Ry in the plane wave expansion of electronic states. The generalized gradient approximation of PBE 55 was used for calculations at the semilocal DFT level. For hybrid DFT calculations, we used the DDH functional with a self-consistent exact exchange fraction of 21.9% evaluated for bulk γ -monoclinic WO 3 19 using an average dielectric constant of 4.56. FPMD simulations were performed using the Born-Oppenheimer method as implemented in the Qbox code; the DDH functional was used in all FPMD simulations, taking advantage of the recursive subspace bisection algorithm 56 to accelerate the computation of the exact exchange energy. The FPMD trajectories were generated using the thermostat of Bussi, Donadio and Parrinello 57 , with a target temperature set to 300 K for the first 0.25 ps; the temperature was then elevated to 800 K for the rest of the simulation time to expedite the sampling of the potential energy surface. The equation of motion for ions was integrated using a time step of 1.45 fs. The above protocol was used to generate three distinct FPMD trajectories starting from different initial conditions in terms of spin state and/or localization of the excess charge. The total time of our simulations was 6 ps.
Quasiparticle corrections were evaluated starting from the Kohn-Sham wavefunctions computed at either the PBE or the DDH level, within the G 0 W 0 approximation as implemented in the WEST code 58 . The values of the quasiparticle energies were extrapolated with respect to the size of the dielectric eigenpotential basis set 59 , using the fit function E qp (N) = E qp (∞ ) + exp(− N/c), where E qp (N) is the computed value of the quasiparticle energy using N eigenpotentials, E qp (∞ ) is the extrapolated value and c is a constant.
Only the Γ point was used to sample the Brillouin zone in the FPMD and electronic structure calculations.
The
2 ) 45 (also denoted c(2 × 2)) reconstruction of the WO 3 (001) surface was modelled with slabs of 15.4 Å thickness, including 4 atomic O-W-O layers and 128 atoms (total of 1,024 electrons); the surface supercell size was 10.60 × 10.60 Å 2 and the thickness of the vacuum region was chosen to be 10 Å, which was sufficient to converge the value of the electrostatic potential in vacuo. The oxygen-deficient surface (c(4 × 4) reconstruction) was modelled by removing an oxygen atom at one single side of the stoichiometric slab, causing breaking of the mirror symmetry of the slab. The resulting electrostatic interaction in the non-periodic direction of the cell was corrected using the method proposed by Bengtsson 60 . While applying this correction was essential for computing absolute level alignment with respect to vacuum, the correction did not affect the calculation of total energies and thus the relative stability of different configurations.
The flat-band potential U fb is defined as the electrochemical potential of a solid/liquid interface at which the semiconductor bands are flat (no space charge layer is present); for an n-type semiconductor, it may be expressed, with reference to the absolute vacuum scale, as
where E CB is the position of the conduction band edge with respect to the vacuum level, and Δ E F is the energy difference between the Fermi level and the CB edge. V dip is the potential drop due to the dipole layer at the semiconductor/liquid interface, which shifts the band edges closer to the vacuum level, which, of course, depend on the electronic properties of the material 8 ; it was evaluated both for the surface in vacuo and for the solvated substrate, using the solvation model of ref. 10 , which yielded a dipole shift of be 2.13 eV at the PBE level; this value includes both the contribution of oxygen vacancies (0.33 eV) and that of solvation effects (1.80 eV). Since our electronic structure data for the surface in vacuo already took into account the dipole shift from oxygen vacancies, we used V dip = 1.80 eV. The dipole shift at the DDH level (1.37 eV) was estimated by applying an appropriate correction to the PBE value, as explained in the main text. V H is the potential drop across the Helmholtz layer formed due to charge accumulation at the interface; for metal oxide surfaces, it depends on the relative concentration of H + and OH − species (that is, on the pH of the solution). From the Nernst relation:
(pH pH )
H B PZC
where pH PZC is the pH at which the PZC condition is realized, and ln10k B T/e = 0.059 eV at room temperature. The position of the Fermi level with respect to vacuum, E F ≡ E CB − Δ E F , was determined as the midpoint between the positions of the computed CBM and the defect state in the bandgap for a defective surface, and between the VBM and the CBM for a stoichiometric surface. In our calculations for the surface in vacuum, no external charge accumulation is present, and thus V H = 0. The computed flatband potential was referenced to the standard hydrogen electrode (SHE), for which E SHE = − 4.44 eV on the absolute scale. 
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